Earth's magnetic field undergoes striking variations in direction and strength on a vast spectrum of time scales. Complex motions of the liquid iron core maintain the magnetic field, but the inner workings of this so-called dynamo process are obscured from direct observation and pose significant challenges for theoretical and computational modeling. This study aims to simulate the dynamo and determine which parameters can be associated with common features that are observed in the incomplete geological record of the magnetic field. The simulation produces an output comprised of magnetic field, the fluid flow, and temperature in the Earth's core. Visualization results based on the output data are compared with observations projected down to the core surface, and to link those features with model behavior deep within the core. The visualization aspect of this study is enabling the scientists to identify interesting physical phenomena in the models that may be related to observation, including fluid up and down welling throughout the liquid core welling throughout the liquid core.
INTRODUCTION
Earth's magnetic field is produced by a process called the geodynamo, via convective motions in the liquid-iron outer-core, which lies some 2800 km below the planet's surface. The field has persisted for most of Earth's history and varies in both direction and intensity on a broad range of time scales. On geological time scales sediments and newly forming igneous rocks record the field at Earth's surface and suitable samples provide a window into the dynamics and evolution of the liquid core. Limited reconstructions of the past geomagnetic field can be downward continued from the surface through the electrically insulting mantle to the core mantle boundary, but not inside the highly conductive core. Numerical simulations of the dynamo process can complement the observations. Simulating the geodynamo [1, 2] we can learn about the dynamical processes that generate the field behavior observed at the surface, which may eventually allow forecasting of outer core conditions.
SIMULATION
The Earth's outer core can be modeled as a rapidly rotating spherical shell filled with an electrically conducting fluid. The shell is usually cooled from above or heated from within, which gives rise to thermal buoyancy forces that drive convection. Compositional buoyancy can also be included to mimic the release of light elements into the liquid on freezing and growth of the solid inner core. Fluid motions induce magnetic fields, which in turn act to oppose the motion via the Lorentz force. Magnetic Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the Owner/Author. energy is destroyed due to electrical resistance. Under the right conditions induction overcomes dissipation and a self-sustaining dynamo is obtained. Numerical simulations solve the NavierStokes equation with Coriolis and Lorentz force terms, together with the magnetic induction and heat diffusion equations. The flow is assumed incompressible and the field is solenoidal, which provide two divergence-free conditions that close the dynamo equations.
The "Leeds Dynamo Code" [3] solves the dynamo equations in spherical coordinates by representing the fluid velocity and magnetic field in poloidal and toroidal scalars [4] . This representation automatically satisfies the divergence-free conditions. For each scalar the meridional and azimuthal variations are represented in spherical harmonics, and radial variations by variable order, variable mesh, finite differences. Nonlinear terms are evaluated by the transform method: fields are transformed from spectral to real space, nonlinear terms are evaluated at points on a spherical grid, and the results are transformed back. Time stepping is by a predictor-corrector method. The visualizations described here are from a solution that is a community benchmark for testing different computational methods. The solution drifts uniformly in longitude and is well suited for testing new visualization techniques..
VISUALIZATION TECHNIQUES
The simulation creates a compact output in spectral space that needs to be translated into spatial form, which is subsequently saved in NETCDF format [5] on a known rectilinear grid for visualization with existing tools. The visualizations for this study were performed using VisIt [6] . The data are transformed to a spherical grid using a standard transform operator in VisIt, but it leaves two issues first, the spherical shell does not wrap around along azimuthal direction, second there are no data along the poles. The first issue is resolved by using another standard index operator which allows wrapping of data along desired axis, the second issue of no data along the pole is left as is, due to lack of such operator in VisIt.
Several visualization techniques were utilized for investigating the data. These include color maps of slices and shells at different radius, isosurfaces [7] at desired levels, streamlines [8] and volume renderings [9] for several variables. The visualizations were performed on several simulations on the Stampede cluster at Texas Advanced Computing Center and shared with the scientists using SeedMe.org infrastructure [10] . Representative visualizations are described below.
Color mapping with deformation
A vector field, such as velocity is investigated by comparing different vector components. For example Figure 2 , column 1 shows a color map of radial velocity shell, in column two the color mapped radial velocity is deformed by meridional (phi) component of velocity and in column three the color mapped radial velocity if deformed by azimuthal (theta) component of velocity, and the rows indicated different time steps. This composite image allows the scientists to compare and contrast the strength of different components of vector field in relation to each other.
Volumetric rendering
The scalar fields are explored with volume rendering with several transfer functions, which help scientist focus on region of interest. For example Figure 3 
RESULTS AND DISCUSSION
The visualizations have allowed the scientists to re-investigate their existing results in a new and easier manner, exposing the interplay of fluid flow and magnetic field variations. The VisIt software package allows quick generation of high-quality animations of simulated data. In more complex simulations we will compare maps of the simulated and observed radial magnetic field at the outer boundary, looking for simulations with features similar to those seen in the Earth's magnetic field. We will also investigate the fluid velocity, temperature, and magnetic field in the outer core to diagnose the flow configurations associated with the field structures at the boundary, and examine the interplay between diffusion and advection.
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